We present the calculations of the next-to-leading order (NLO) QCD corrections to the inclusive total cross sections for the associated production of the W ± H ∓ through bb annihilation in the Minimal Supersymmetric Standard Model at the CERN Large Hadron Collider. The NLO QCD corrections can either enhance or reduce the total cross sections, but they generally efficiently reduce the dependence of the total cross sections on the renormalization/factorization scale. The magnitude of the NLO QCD corrections is about 10% in most of the parameter space and can reach 15% in some parameter regions. We also show the Monte Carlo simulation results for the 2j + τ jet + p T signature from the W ± and the H ∓ decays including the NLO QCD effects, and find an observable signal at a 5σ level in some parameter region of the minimal supergravity model.
At hadron colliders, the charged Higgs bosons H ± could appear as the decay product of primarily produced top quarks if the mass of H ± is smaller than m t − m b . For heavier H ± , single charged Higgs boson production associated with heavy quark, such as gb → H − t [3] , qb → q ′ bH − [4] , and qq, gg → tbH ± [5] , are the main channels for single charged Higgs boson production. The channels for pair production areannihilation and the loop-induced gg fusion process [6] . These processes have large production rates, but also suffer from large QCD backgrounds, especially when the H ± mass is larger than m t + m b . Another attractive channel is single charged Higgs boson production associated with W boson [7] . The dominant partonic subprocesses at the LHC are bb → W ∓ H ± at the tree-level and gg → W ∓ H ± at the one-loop level [8] . For the bb annihilation process, the supersymmetric electroweak (SUSY-EW), the O(α s ) pure QCD and the supersymmetric QCD (SUSY-QCD) corrections have been calculated in Ref. [9] [10] [11] , respectively. In this paper, we use the dimensional reduction (DRED) [12] scheme to regularize both the ultraviolet (UV) and the infrared (IR) divergences while in Ref. [10] the gluon was given a finite small mass to regularize IR divergences. We will focus on the case of µ > 0 which is favored by the recent measurement of the anomalous magnetic moment of the muon [13] , µ is the Higgs superfield mass term in the superpotential, so the SUSY-QCD corrections are relatively small and can be neglected as shown in Ref. [11] . For simplicity, in our calculations, we neglect the bottom quark mass except in the Yukawa couplings. Such approximations are valid in all diagrams, in which the bottom quarks appear as initial state partons, according to the simplified Aivazis-CollinsOlness-Tung (ACOT) scheme [14] . Moreover, we only consider the process bb → H − W + since the cross section for the process bb → H + W − is the same if we choose all the relevant parameters to be real.
Recently, in Ref. [15] the authors investigated the viability of observing charged Higgs bosons produced in association with W bosons at the LHC at LO level, using the leptonic decay H − → τ − ν τ and hadronic W decay. In this paper we also give the Monte Carlo simulation results of the above signal, but in the minimal supergravity (mSUGRA) [16] scenario including the NLO QCD effects.
The arrangement of this paper is as follow. In Sec. II, we show the LO explicit expressions.
In Sec. III, we present the details of the calculations for both the virtual and real QCD corrections. In Sec. IV, we give some analysis on the signal and background. Sec. V are the numerical results for total and differential cross sections and the Monte Carlo simulation results. Sec. VI contains a brief conclusion. The relevant coupling constants and the lengthy analytic expressions are summarized in Appendix.
II. LEADING ORDER CALCULATIONS
The tree-level Feynman diagrams for the subprocess b(p 1 )b(p 2 ) → H − (p 3 )W + (p 4 ) are shown in Fig.1 , and its LO amplitude in n = 4 − 2ǫ dimension is
where s α ≡ sin α, c α ≡ cos α, s β−α ≡ sin(β − α), c β−α ≡ cos(β − α), t β ≡ tan β. Mandelstam variables s, t, and u are defined as follows:
M i 's are reduced standard matrix elements, which are defined by
and
with the projectors
The LO total cross section at the LHC is obtained by convoluting the partonic cross section with the parton distribution functions (PDFs) G b,b/p in the proton:
where µ f is the factorization scale andσ
, in which the colors and spins of the outgoing particles have been summed, and the colors and spins of the incoming ones have been averaged over.
III. NEXT-TO-LEADING ORDER CALCULATIONS
The NLO QCD contributions to the associated production of H − and W + through bb annihilation process consist of the virtual corrections, generated by loop diagrams of colored particles, and the real corrections with the radiation of a real gluon or a massless (anti)bottom quark. For both virtual and real corrections, we use DRED scheme to regularize all the divergences.
A. Virtual corrections
The virtual corrections to bb → H − W + arise from the Feynman diagrams shown in Fig.2 , which consist of vertex, self-energy and box diagrams. We carried out the calculation in 't Hooft-Feynman gauge and used the dimensional reduction in n = 4 − 2ǫ dimensions to regularize the ultraviolet, soft and collinear divergences in the virtual loop corrections. In order to remove the UV divergences, we use the modified minimal subtraction (MS) scheme to renormalize the bottom quark mass and wave function, while for the top quark mass and wave function we use both the MS scheme and the on-shell (OS) scheme and compare them. Denoting m b0 , m t0 , ψ b0 and ψ t0 as the bare quark masses and the bare wave functions, respectively, the relevant renormalization constants δm b , δm t , δZ bL,R and δZ tL,R are then defined as
with
. After calculating the self-energy diagrams in Fig.2 , we obtain the explicit expressions for all the renormalization constants as follows:
where ∆ ≡ 1 ǫ − γ E + ln(4π), C F = 4/3, and B ′ = ∂B/∂p 2 , B i are the scalar two-point integrals [17] .
The renormalized virtual amplitude can be written as
Here M unren contains the radiative corrections from the one-loop vertex, self-energy and box diagrams, as shown in Fig.2 , and M con is the corresponding counterterm. Moreover, M unren can be separated into two parts:
where α denotes the corresponding diagram indexes in Fig.2 . Using the standard matrix elements from Eq.(4) they can be further expressed as
After adding all the terms above, the renormalized amplitude M V is UV finite, but still contains the IR divergences, and is given by:
Here the IR divergences include both the soft and the collinear divergences. The soft divergences are canceled after adding the real emission corrections, and the remaining collinear divergences can be absorbed into the redefinition of PDF [18] , which will be discussed in the following subsections.
B. Real gluon emission
The Feynman diagrams for the real gluon emission process Fig.3 .
The phase space integration for the real gluon emission will produce both soft and collinear infrared singularities, which can be conveniently isolated by slicing the phase space into different regions defined by suitable cutoff parameters. In this paper, we use the twocutoff phase space slicing method [19] , which introduces two small cutoffs to decompose the three-body phase space into three regions.
First, the phase space can be separated into two regions by an arbitrary small cutoff δ s , according to whether the energy (E 5 ) of the emitted gluon is soft, i.e. E 5 ≤ δ s √ s/2, or hard, i.e. E 5 > δ s √ s/2. Correspondingly, the partonic real cross section can be written aŝ 
where the hard collinear partσ HC contains the collinear divergences, while the hard noncollinear partσ HC is finite and can be numerically computed using standard Monte-Carlo integration techniques and can be written as
Here dΓ 3 is the hard non-collinear region of the three-body phase space.
In the next two subsections, we will discuss in detail the soft and hard collinear gluon emission.
Soft gluon emission
In the soft limit, i.e. when the energy of the emitted gluon is small, with E 5 ≤ δ s √ s/2,
be simply factorized into the Born matrix element squared times an eikonal factor Φ eik :
where the eikonal factor Φ eik is given by
Moreover, the phase space in the soft limit can also be factorized as
where dS is the integration over the phase space of the soft gluon, which is given by [19] 
Hence, the parton level cross section in the soft region can be expressed aŝ
Using the approach of Ref. [19] , after analytically integrating over the soft gluon phase space,
Hard collinear gluon emission
In the hard collinear region, i.e. E 5 > δ s √ s/2 and −δ c s < u 1,2 < 0, the emitted hard gluon is collinear to one of the incoming partons. As a consequence of the factorization theorems [20] , the squared matrix element for bb → H − W + + g can be factorized into the product of the Born squared matrix element and the Altarelli-Parisi splitting function for
where z denotes the fraction of incoming parton b(b)'s momentum carried by parton b(b)
with the emitted gluon taking a fraction (1 − z), and P ij (z) are the usual Altarelli-Parisi splitting kernels [21] . Explicitly,
Moreover, the three-body phase space can also be factorized in the collinear limit, and, for example, in the limit −δ c s < u 1 < 0 it has the following form [19] :
Here the two-body phase space should be evaluated at the squared parton-parton energy zs.
Thus, the three-body cross section in the hard collinear region is given by [19] dσ
where
is the bare PDF.
C. Massless (anti)quark emission
In addition to the real gluon emission, a second set of real emission corrections to the inclusive production rate of pp → H − W + at the NLO involves the processes with an additional massless (anti)quark in the final states:
The relevant Feynman diagrams for massless (anti)quark emission (the diagrams for the antiquark emission are similar and omitted here) are shown in Fig.4 .
Since the contributions from the real massless (anti)quark emission contain the initial state collinear singularities, we also need to use the two cutoff phase space slicing method [19] to isolate those collinear divergences. Because there is no soft divergence in the splitting of g → bb, we only need to separate the phase space into two regions: the collinear region and the hard noncollinear region. Thus, according to the approach shown in Ref. [19] , the cross section for the processes with an additional massless (anti)quark in the final states can be expressed as
The first term in Eq. (29) represents the noncollinear cross sections for the two processes, which can be written in the form:
where α and β denote the incoming partons in the partonic processes, and dΓ 3 is the threebody phase space in the noncollinear region. The second term in Eq. (29) represents the collinear singular cross sections.
Moreover, the top momentum in Fig.4 (c) and (e) (as well as in the correspondingb emission Feynman diagrams) can approach the top mass shell, which will lead to a singularity arising from the top propagator. Following the analysis shown in Ref. [23] , this problem can easily be solved by introducing the non-zero top width Γ t and regularizing in this way the higher-order amplitudes. However, these on-shell top contributions are already accounted for by the LO level tH − andtW + productions with a subsequent decay, and thus
should not be considered as a genuine high-order correction to H − W + associated production.
Therefore, to avoid double counting, these pole contributions will be subtracted in our numerical calculations below in the same way as shown in Appendix B of Ref. [23] .
D. Mass factorization
As mentioned above, after adding the renormalized virtual corrections and the real corrections, the partonic cross sections still contain the collinear divergences, which can be absorbed into the redefinition of the PDF at NLO, in general called mass factorization [18] .
This procedure in practice means that first we convolute the partonic cross section with the bare PDF G α/p (x), and then rewrite G α/p (x) in terms of the renormalized PDF G α/p (x, µ f ).
In the MS scheme and DRED scheme, the scale dependent PDF G α/p (x, µ f ) is given by [19] 
where P + αβ are the regulated splitting functions and P ′ ij (z) are the usual Altarelli-Parisi splitting kernels [21] , explicitly
After replacing the bare PDF by the renormalized MS PDF and integrating out the collinear region of the phase space defined in the two-cutoff phase space slicing method [19] , the resulting sum of Eq. (29) and the collinear part (the second term) of Eq. (28) yield the remaining O(α s ) collinear contribution as:
withP
The NLO total cross section for pp → H − W + in the MS factorization scheme is obtained by summing up the Born, virtual, soft, collinear and hard noncollinear contributions. In terms of the above notations, we have
We note that the above expression contains no singularities, for 2A 
IV. MONTE CARLO SIMULATIONS
Based on the work of Ref. [15] , we discuss the same signal in the mSUGRA scenario including the NLO QCD effects. In the signal channel, H − decays leptonically,
For simplicity, we only consider hadronic decays of the τ lepton, τ → ν τ + hadrons. The resulting signature is 2j + τ jet + p T , where the missing transverse momentum p T is carried away by the two neutrinos, τ jet comes from τ decay and 2j come from W boson decay. The transverse mass is defined as:
where ∆φ is the azimuthal angle between p T,τ jet and p T . As pointed out in Ref. [15] , the m ⊥ distribution will have a peak with the upper edge of the peak given by the mass of the charged Higgs boson. The two light jets can be distinguished by calling them hard (with momentum p hj ) and soft (with momentum p sj ) according to the larger and smaller value of their transverse momentum p T , respectively. Our study is performed at parton level, without considering parton showering or hadronization, and the detector effects also not be considered. Event generation is performed with help of PYTHIA v6.206 [24] and TAUOLA v2.7 [25, 26] is used to perform the decay of τ lepton.
The cuts we have used are shown in Table I , which are the same as in Ref. [15] in order to compare our results with theirs. Here the basic cuts define a signal region that corresponds to the sensitive region of a real detector and the additional cuts are used to suppress both [15] , and our simulation results will be discussed below.
Basic cuts Additional cuts [all in GeV]
|η τ jet | < 2.5 p T,τ jet > 50, p T > 50 |η j | < 2.5 70 < m jj < 90 ∆R jj > 0.4 m ⊥ > 100 ∆R τ jet j > 0.5 p T,hj > 50, p T,sj > 25 p T,jet > 20GeV
V. NUMERICAL RESULTS
The arrangement of this part is as follow. First, we present the NLO QCD calculations of both total cross sections and differential cross sections. Then we turn to the simulation results under several groups of cuts and mSUGRA parameters.
A. NLO cross section calculations
In the numerical calculations, we used the following set of SM parameters [28] : 
The running QCD coupling α s (Q) is evaluated at the two-loop order [29] and the CTEQ6M PDF [30] is used throughout this paper to calculate various cross sections, either at the LO or the NLO. As for the factorization and renormalization scales, we always choose µ f = m av = (m H ± + m W )/2 and µ r = µ f , unless specified otherwise. Moreover, as to the Yukawa couplings of the bottom quark and top quark, we took the running masses m b (Q) and m t (Q) evaluated by the NLO formula [31] :
with m b (m b ) = 4.2GeV [28] . The evolution factor U f is
where f is the number of the active light quarks. We use both the MS and the OS renormalization scheme for top quark in our calculations and find good agreement in these two schemes. We will only show the numerically results in the MS scheme unless specified otherwise.
The values of the MSSM parameters taken in our numerical calculations were constrained within mSUGRA, in which there are only five free input parameters at the grand unification (GUT) scale. They are m 1/2 , m 0 , A 0 , tan β, and the sign of µ, where m 1/2 , m 0 , A 0 , µ are, respectively, the universal gaugino mass, scalar mass, the trilinear soft breaking parameter, and the Higgs superfield mass term in the superpotential. Given those parameters, all the MSSM parameters at the weak scale are determined in the mSUGRA scenario by using the program package SPHENO [32] .
In Fig. 5 , we show the dependence of the NLO QCD predictions on the two arbitrary theoretical cutoff scales δ s and δ c , introduced in the two-cutoff phase space slicing method, where we have set δ c = δ s /100 to simplify the study. The NLO total cross section can be separated into two classes of contributions. One is the 2 → 2 rate contributed by the Born level, and the O(α s ) virtual, soft and hard collinear real emission corrections, denoted aŝ σ B ,σ V ,σ S , and σ coll in Eq.(39). Another is the 2 → 3 rate contributed by the O(α s ) hard noncollinear real emission corrections, denoted asσ HC andσ C in Eq.(39). As noted in the previous section, the 2 → 2 and 2 → 3 rates depend individually on δ s and δ c , but their sum should not depend on any of the theoretical cutoff scales. This is clearly illustrated in Fig. 5 , where σ N LO is almost unchanged for δ s between 10 −4 and 10 −2 , and is about 25.6 fb.
Therefore, we take δ s = 10 −3 and δ c = δ s /100 in the numerical calculations below. Figs. 9 shows the dependence of the total cross sections for pp → H − W + production at the LHC on the renormalization scale (µ r ) and the factorization scale (µ f ), with µ r = µ f .
We defined R as the ratio of the cross sections (LO, NLO) to their values at central scale,
, always assuming µ r = µ f for simplicity. For three values of tan β, the scale dependence of the NLO total cross sections reduced when going from LO to NLO in both the MS and the OS scheme. For example, in the MS scheme, the ratio R at the LO vary from 0.78 to 1.03 when µ r = µ f ranges between 0.2m av and 5m av , while the NLO ones vary from 0.98 to 1.08, for tan β = 40. In Fig. 11 
Note that our numerical results of the NLO QCD corrections to the total cross sections are different from the ones given in Ref. [10] , where the corrections are always negative and the magnitude can reach 30%. We also used the same parameters as in Ref. [10] to compare with their results, but our results are still different from theirs.
B. Simulation results
Our simulation results for the relevant distributions are shown in Figs In the following calculations of the total cross sections the additional cuts are used.
Moreover, an integrated luminosity of 300 fb −1 and a τ detection efficiency of 30% are taken to calculate the significance S/ √ B. Ref. [15] mainly due to the difference between the mSUGRA scenario and the one used in Ref. [15] .
VI. CONCLUSIONS
In conclusion, we have calculated the NLO QCD corrections to the inclusive total cross sections of the H ∓ W ± pairs produced at the LHC through bb annihilation in the MSSM.
The NLO QCD corrections can either enhance or reduce the total cross sections, but they generally efficiently reduce the dependence of the total cross sections on the renormalization/factorization scale. The magnitude of the NLO QCD corrections is about 10% in most of the parameter space and can reach 15% in some parameter region. Finally, we give some discussion on the H ∓ W ± → 2j + τ jet + p T signal including the NLO QCD effects, and find an observable signal at a 5σ level in some region of the mSUGRA parameter space. 
APPENDIX
In this appendix, we give the relevant Feynman rules and the form factors for the virtual amplitude. First we give the relevant Feynman rules.
where α is the mixing angle in the CP even neutral Higgs boson sector. Here we use the abbreviations s α = sin α, s β = sin β and so on.
Here we define the ingoing four-momenta to be positive.
Here and below, we assume the third generation CKM matrix element V tb equal to 1.
Below we collect the explicit expressions of the nonzero form factors in Eq.(10). For simplicity, we introduce the following abbreviations for the Passarino-Veltman two-point integrals B i(j) , three-point integrals C i(j) and four-point integrals D i(j) , which are defined similar to
Ref. [17] except that we take internal masses squared as arguments: 
, Fig.2 , we get the form factors as following, respectively,
, where a,b are abbreviations for
For the box diagram(g) in Fig.2 , we find
Feynman diagrams for the real gluon emission contributions.
Feynman diagrams for the emission of a massless bottom quark contribution. 
